is inaccessible, as anticipated from biochemical experiFollowing the nomenclature of three-stranded DNA disments (Gottschling and Zakian, 1986; Froelich-Ammon placement loops, or D loops, and RNA displacement loops, or R loops, described by electron microscopy, they call these new structures "t loops" for telomere loops. The long stretches of the double-stranded telomere DNA are looped around, and the single-stranded terminus is tucked back inside the double-stranded DNA molecule-thus protecting the chromosome terminus telomere field is how telomeres provide stability and
preparations, small circles were 10 times more abundant repeats, might affect the single-stranded tail at telothan large circles, arguing against the t loops being meres in vivo was not clear until the discovery of t loops.
artifacts of the preparation method. Finally, the demon-T Loops stration of a 100-200 base pair D loop (displacement The Griffith and de Lange labs examined mammalian loop) in which a single-stranded DNA invades a homolotelomere structure by electron microscopy. Artificial telogous double-stranded region and base pairs with one meres generated in vitro were incubated with TRF2 and of the two strands, suggests the t loops are held in place viewed in the electron microscope by the Kleinschmitt by a specific structure and are not formed by random spreading technique. Unexpectedly, about 42% of the looping of the DNA in the EM preparation. In the D loop molecules had formed large loops in a reaction that the TTAGGG G strand overhang of the telomere is base depended on the presence of a 3Ј G strand overhang paired to the internal CCCTAA tracts, protecting the at the end of the artificial telomere. This free 3Ј end was terminus and creating a structure that is distinct from a tucked back inside the double-stranded DNA at the loop broken DNA end. junction. TRF2 was bound at the base of the loopThe model then is that t loops protect telomeres by presumably the site where the G strand invades the physically stitching the potentially vulnerable singleduplex DNA-suggesting that TRF2 mediates the formastranded G strand terminus back into the doubletion of, or stabilization of, t loops ( Figure 1B) . Omission stranded telomere sequence several kilobases internal of TRF2 from the in vitro binding reaction resulted in a to the terminus, forming a t loop. This interweaving apsubstantial reduction in the number of molecules found pears to be mediated by TRF2 and results in a small D as loops from around 42% down to 2%-12%.
loop at the point of G strand insertion ( Figure 1B ). In the To determine whether t loops are present at telomeres words of Jack Griffith, this means that telomeres are in vivo, Griffith and de Lange devised a method to purify doing "D-loop-t-loop." One important piece of evidence telomeric DNA from human cells in sufficient amounts for this model that has not yet been examined in vivo for viewing in the EM. In addition, they employed psois the role of TRF2 in mediating t loop formation. The ralen cross-linking to stabilize t loops that might exist fact that TRF2 bound the D loop junction in the in vitro in vivo before removing proteins from the DNA. The experiments suggests that this protein mediates the forfact that these two procedures had not been combined mation of the D loop. This observation could explain before may explain why t loops had not been previously the curious finding that overexpression of a dominantdocumented. One would not expect to see the tiny fracnegative version of this double-stranded telomere-bindtion of telomere fragments in a preparation of total genoing protein results in loss of the G strand overhang (van mic DNA spread for EM because the telomeres would Steensel et al., 1998). A prediction of the current model represent a vanishingly small proportion of the total DNA is that overexpression of dominant-negative TRF2 in molecules. Analysis of the telomere fragments isolated vivo will result in loss of the t loops. This additional from cells indicated that indeed t loops are present at control will also address concerns over the possible telomeres in mammalian cells. Telomeric structures isoartifactual looping of DNA in the EM. If a cell line expresslated from HeLa cells showed a large proportion of moleing dominant-negative TRF2 has no t loops and the cules (15%-40% in 15 different experiments) were presister cell line without dominant-negative TRF2 does served as t loops. Telomere DNA isolated from mouse have them, this would further support the functional role liver also contained a high fraction of t loops. Only teloof these structures. meric repeats were in the looped-out region and the The New Synthesis loops were very large, often encompassing 10-20 kiloThe discovery of t loops at mammalian telomeres necesbases of telomeric sequence. Cells where the chromositates a reevaluation of the mechanisms that mediate somes were know to have long telomeres contained telomere function. The discovery of t loops solves some larger loops than those that have short telomeres. This implies some mechanism that must regulate loop size.
long-standing problems, makes others moot, and raises new ones. Models for both telomere elongation and teloof the G tail in the t loop may prevent an inappropriate mere silencing have mostly drawn telomeres in a linear DNA damage response. The t loops are also likely to configuration. Models are powerful tools in molecular mediate the stability function of telomeres either directly biology: they focus our thinking and allow the design of or indirectly. The DNA damage response pathway itself specific experiments. They also, however, can limit our may be responsible for G strand degradation and endthinking when important aspects of a system are not to-end fusion of chromosomes (Karlseder et al., 1999) . represented.
Thus, blocking recognition by this checkpoint pathway Telomere-Binding Proteins. The classic telomere endmay be sufficient to stabilize chromosome ends. binding protein from Oxytricha has been thought to pro-A second essential function of telomeres is to allow vide the protective function at telomeres. But perhaps access to telomerase and to establish a telomere length Oxytricha in this instance is the outlier rather than the equilibrium. The discovery of t loops creates a new quesparadigm. The discovery of t loops now suggests that tion for telomerologists to solve. How does telomerase telomere protection can be mediated by sequestering access the now hidden 3Ј terminus to elongate the telothe 3Ј G strand overhang inside a double-stranded DNA mere? In previous models where telomeres are tightly rather than by tenacious protein binding. Interestingly, a bound by a protein, the problem was that the protein telomere end-binding protein similar to that of Oxytricha had to be removed for telomerase to access and elonhas not been isolated from any other species, although gate the G strand. Now, with t loops, the base-paired D a protein with similar properties has been characterized loop structure must be unwound, perhaps by a specific in Xenopus (Cardenas et al., 1993) . Oxytricha telomeres helicase, to allow access by telomerase. This suggests consist of just of 20 bp of double-stranded (TTTTGGGG/ that the t loop structure must be dynamic and reform CCCCTTTT-far too short to form t loops. Perhaps in after each round of DNA synthesis. The unique structure species with longer telomeres, the t loop structure subof the t loop, however, might allow easy recognition by stitutes for the end-binding protein to protect the end.
telomerase as the appropriate substrate for elongation. Although this model is consistent with current knowlTelomere Structure. The telomere shortening and edge, the lack of detection of end-binding proteins in subsequent loss of function observed in cells that lack other species might be simply a technical one. One telomerase may be due to disruption of the t loop strucneeds to be cautious in suggesting that ciliates solve ture. In several organisms in which telomere shortening biological problems in unusual ways since historically is seen, telomeres lose the ability to protect against many important processes that are widely conserved in chromosome fusion well before all telomere sequence eukaryotes, such as telomere sequences, catalytic RNA, is lost. Perhaps a minimal length is needed to form a t telomerase and histone acetyltransferase were first disloop, and once telomeres are sufficiently short, they can covered in ciliates ( requires access to the very end. Thus, the sequestration
